Patulin (PAT) is one of the most common mycotoxins found in moldy fruits. Skin contact is one of the most likely exposure routes of PAT. Investigation of dermal toxicity of PAT is clearly needed and has been highlighted by WHO. In the present study, using human keratinocyte HaCaT cells as a model, we found that treatment with PAT caused an increased autophagosome accumulation. Measurements of autophagic flux demonstrated that the accumulation of autophagosomes by PAT was not directly due to enhanced autophagosome formation but due to inhibition of autophagosome degradation. Reductions in the activities of the lysosomal enzymes cathepsin B and cathepsin D by PAT might contribute to this inhibitory effect. Consistent with this, inhibition of autophagosome degradation by PAT resulted in accumulation of p62 that functioned as a pro-survival signal. The pro-survival function of p62 was found to be attributed to reactive oxygen species-mediated cytoprotective endoplasmic reticulum (ER) stress response. ER stress exerted cytoprotective effect via extracellular signal-regulated kinase1/2-dependent B-cell CLL/lymphoma 2-associated agonist of cell death inhibitory phosphorylation. Given the critical role of autophagy and its substrate p62 in carcinogenesis, our findings may have important implications in PAT-induced skin carcinogenesis. 1 Growing evidence has demonstrated that autophagy has important and paradoxical roles in carcinogenesis. Several studies have shown that autophagy functions as tumor suppressor and autophagy deficiency indeed induces an increased frequency of spontaneous cancer of multiple organ sites, including lung, liver and lymphocytes.
Subject Category: Cancer
Autophagy is the process by which cells break down their own long-lived proteins and damaged components, such as mitochondria. 1 Growing evidence has demonstrated that autophagy has important and paradoxical roles in carcinogenesis. Several studies have shown that autophagy functions as tumor suppressor and autophagy deficiency indeed induces an increased frequency of spontaneous cancer of multiple organ sites, including lung, liver and lymphocytes. [2] [3] [4] [5] [6] In contrast, several other studies argue that autophagy could support tumor progression and survival. 7, 8 p62 (also known as sequestosome-1), a molecular adapter protein between the autophagic machinery and its substrates, has been suggested to have a critical role in autophagy-regulated carcinogenesis. 9, 10 Patulin (PAT), a mycotoxin produced by a variety of molds, particularly Aspergillus and Penicillium, is frequently found in moldy fruits and their derivative products. 11 Skin contact with these fruits is likely to be the chief route of exposure for PAT. Therefore, it is clearly needed to evaluate dermal toxicity of PAT. 12 It has been shown that single topical applications of PAT followed by twice weekly applications of TPA caused tumor formation. 13 To further investigate these findings, we found that PAT caused the inhibition of autophagosome degradation that was associated with reducing the activities of lysosomal enzymes cathepsin B (CTSB) and cathepsin D (CTSD) in human keratinocytes. Autophagy inhibition led to accumulation of p62, followed by increased reactive oxygen species (ROS) generation that triggered cytoprotective endoplasmic reticulum (ER) stress response. This resulted in BCL2-associated agonist of cell death (BAD) inhibitory phosphorylation by extracellular signal-regulated kinase (ERK)1/2. Our findings uncovered a novel mechanism involved in the pro-survival function of p62. Disruption of apoptosis by inhibitory phosphorylation of BAD might contribute to PAT-induced skin carcinogenesis.
Results
PAT inhibits autophagosome degradation in HaCaT and 293T cells. To determine whether PAT can regulate autophagy induction, human keratinocyte HaCaT cells were treated with PAT at concentrations of 3-7 mM for 24 h and then a lipidated form of microtubule-associated protein 1 light chain 3 (LC3), LC3-II, an autophagic marker, was analyzed by western blotting. As shown in Figure 1a , treatment with PAT led to a concentration-dependent increase in LC3-II level. Furthermore, LC3 lipidation by PAT was further verified by immunofluorescence staining to analyze distribution patterns of LC3. As shown in Figure 1b , a diffuse localization of LC3 fluorescence was observed in control cells, whereas a punctuated pattern of LC3 fluorescence was detected in PAT-treated cells. Quantitative analysis of LC3 punctuated cells showed that the number of cells with LC3 puncta in PAT-treated cells was significantly increased compared with the untreated control (Figure 1c ). To confirm PAT-induced LC3 lipidation is indeed due to autophagosome formation, we . Twenty-four hours after transfection, the cells were treated BAF (100 nM) or PAT (7 mM) and the fluorescence was observed under confocal microscope. n ¼ 3, *Po0.05, **Po0.01, n.s., no significant difference tested effects of autophagy inhibition by either knockdown of autophagy-related 5 (ATG5) or a chemical inhibitor 3-methyladenine (3-MA) 14 on PAT-induced LC3-I/LC3-II conversion. The data are shown in Figures 1d and e. Inhibition of autophagy by ATG5 siRNA or 3-MA resulted in a significant attenuation of PAT-induced LC3-I/LC3-II conversion in HaCaT cells. To investigate whether the elevated levels of LC3 lipidation induced by PAT are due to increased formation of autophagosome or due to decreased degradation, we measured autophagic flux. As shown in Figure 1f , treatment with bafilomycin A1 (BAF), an inhibitor of autophagosome degradation, 15 was expected to increase the accumulation of LC3-II, whereas PAT treatment for 12 or 24 h failed to further increase LC3-II level in the presence of BAF, suggesting that the inhibition of autophagosome degradation might contribute to PAT-induced accumulation of autophagosome in HaCaT cells. To further confirm this, we measured the flux by immunofluorescence using the mRFP-GFP-LC3 reporter. 16 As shown in Figure 1g , the GFP and mRFP fluorescence were almost completely colocalized, further supporting that autophagosome degradation inhibition contributed to the accumulation of autophagosome by PAT. Similar results were also found in human embryonic kidney 293T cells (kidney is one of the key toxicological targets of PAT) (Supplementary Figures S1A-D online), suggesting general application of PAT-induced autophagy inhibition in its targeting cells.
Inhibition of autophagosome degradation-mediated induction of p62 protects PAT-induced apoptosis in HaCaT cells. Inhibition of autophagosome degradation by PAT was expected to increase p62 protein level. We analyzed effects of PAT on p62 protein level by western blotting. As shown in Figure 2a , PAT treatment caused a concentration-dependent induction of p62. To confirm p62 accumulation is indeed associated with inhibition of autophagosomes degradation, we examined influences of BAF on p62 induction by PAT. As shown in Figure 2b , under the condition that autophagosome degradation was blocked by its inhibitor, no further increase of p62 by PAT was observed, suggesting that the degradation mechanism was indeed involved in PAT-induced p62 induction. To further verify this notion, we assessed effects of cycloheximide (CHX), a protein synthesis inhibitor, on PAT-induced p62 accumulation. As shown in Figure 2c , inhibition of protein synthesis by CHX was expected to decrease p62 level. Under such condition, PAT treatment was still capable of inducing p62 accumulation, further supporting that the inhibition of protein turnover contributed to p62 induction by PAT. It has been shown that p62 functions either as pro-survival or proapoptotic signaling depending on the specific stimulus and possibly other conditions. 17, 18 To determine the functional role of p62 in response to PAT exposure, we evaluated influences of p62 knockdown on PAT-induced apoptosis by Annexin V staining and a Cell Death Detection ELISA kit. As shown in Figures 2d and e, when p62 was silenced by RNA interference (RNAi), poly (ADP-ribose) polymerase 1 (PARP1) cleavage and apoptosis induced by PAT were significantly increased compared with PAT/control siRNA treatment, suggesting that induction of p62 acts as pro-survival signaling in response to PAT exposure.
PAT induces p62-mediated cytoprotective ER stress. It has been shown that autophagy inhibition can trigger ER stress in certain model systems. 10, 19 We therefore hypothesized that autophagy inhibition-mediated p62 induction by PAT might exert its pro-survival function via the induction of cytoprotective ER stress. HaCaT cells were treated with various concentrations of PAT for 24 h and then the changes of the key ER stress markers were analyzed by western blotting. As shown in Figure 3a , PAT treatment in the concentration range of 3-7 mM significantly increased protein abundance of ER chaperone glucose-regulated protein, 78 kDa (GRP78), phosphorylation of the ER resident kinase protein kinase RNA-like endoplasmic reticulum kinase (PERK) and inositol requiring ER-to-nucleus signal kinase-1a (IRE1a), eukaryotic initiation factor 2a (eIF2a), a downstream target of PERK, suggesting that unfolded protein response (UPR) was activated in response to PAT exposure. To determine the functional role of PAT-induced UPR, we tested effects of knockdown of IRE1a or PERK on PAT-induced apoptosis analyzed by a Cell Death Detection ELISA kit and Annexin V staining. As shown in Figure 3b , the protein levels of IRE1a or PERK were dramatically decreased by their siRNAs. Under such condition, PAT-induced apoptosis was significantly increased compared with PAT/control siRNA treatment, indicating both IRE1a and PERK had a cytoprotective role in response to PAT exposure. We next asked whether activation of UPR induced by PAT was attributed to p62 induction. p62 was silenced by RNAi and the changes of ER stress markers were measured and analyzed by western blotting. As shown in Figure 3c , when p62 was inhibited by its siRNA, phosphorylation of IRE1a and eIF2a induced by PAT was significantly attenuated, supporting our hypothesis that p62 induction by PAT triggered cytoprotective ER stress response.
Inhibition of autophagosome degradation by BAF induced p62-mediated ER stress. To further confirm the role of p62 in autophagy inhibition-mediated UPR activation, we next investigated the function of p62 in autophagosome degradation inhibitor BAF-induced activation of UPR. HaCaT cells were treated with various concentrations of BAF for 12 h and then the changes of the key ER stress markers were analyzed by western blotting. As we expected, BAF treatment caused a concentration-dependent accumulation of LC3-II and p62 that was due to the inhibition of autophagosome degradation. These events were followed by a significantly increased phosphorylation of IRE1a and eIF2a, the key markers of ER stress, suggesting autophagy inhibition by BAF indeed caused ER stress response. We then examined effects of p62 inhibition by RNAi on BAFinduced UPR activation. As shown in Figure 4b , under the condition that p62 was silenced, phosphorylation of IRE1a and eIF2a induced by BAF was dramatically suppressed, further supporting the critical role of p62 in autophagy inhibition-mediated ER stress response.
ROS is involved in PAT-induced p62-mediated ER stress. It has been shown that p62 accumulation can cause an increased ROS generation. 10, 20 We then questioned whether ROS is the downstream signaling of p62 accumulation that mediated ER stress response. We first measured the changes of intercellular ROS levels in response to PAT exposure for the indicated times in HaCaT cells using flow cytometry following staining with H 2 DCFDA, which was considered to specifically detect hydrogen peroxide.
As shown in Figure 5a , PAT caused a rapid increase in ROS levels and a significant change was detected as early as 6 h exposure. We next examined the role of p62 accumulation in PAT-induced ROS. The cells were transfected with p62 siRNA or non-targeting siRNA. After 24 h transfection, the cells were treated with PAT for 12 h, and intercellular ROS The cells were treated with 7 mM PAT for 24 h in the presence or absence of CHX and then p62 was analyzed by western blotting. Effects of p62 inhibition by RNAi on PAT-induced PARP1 cleavage (d) and apoptosis (e). The cells were transfected with 60 nmol/l of p62 siRNA using siPORT NeoFX transfection agent. At 24 h post transfection, the cells were treated with 7 mM PAT for 24 h. PARP1 cleavages were analyzed by western blotting and cell death was assessed by Annexin V staining (left) and a Cell Death Detection ELISA kit (right). n ¼ 3, *Po0.05, **Po0.01, n.s., no significant difference Patulin induces autophagy inhibition X Guo et al levels were assessed by flow cytometry. As shown in Figure 5b , when p62 was silenced, PAT-induced ROS was nearly abolished, suggesting that p62 induction indeed contributed to the increased ROS generation. To determine the role of ROS in ER stress response induced by PAT, we tested influences of ROS inhibition on the changes of ER 21 a precursor of intracellular glutathione synthesis and ROS scavenger, for 24 h and the key ER stress markers were analyzed by western blotting. As shown in Figure 5c , under the condition that ROS was blocked by NAC, PAT-induced phosphorylation of PERK, eIF2a and IRE1a was nearly abolished, suggesting that ROS had a pivotal role in the p62-mediated ER stress in response to PAT exposure.
p62-mediated cytoprotective ER stress is attributed to ERK1/2-dependent inhibitory BAD phosphorylation. To investigate downstream targets that contributed to p62-mediated cytoprotective ER stress, we examined the changes of the key B-cell CLL/lymphoma 2 (BCL2) family proteins in response to PAT. As shown in Figure 6a , PAT induced a slight decrease of BCL2, B-cell lymphoma extra-large (Bcl-xL) and myeloid cell leukemia sequence 1 (MCL1) expression, whereas a significant increase of BAD inhibitory phosphorylation (ser-112) by PAT was detected. Given BAD phosphorylation on ser-112 is an important residue targeted by ERK1/2 kinase, 22 we further measured the changes of ERK1/2 phosphorylation. As shown in Figure 6a , PAT treatment caused an increased phosphorylation of ERK1/2, which correlated very closely with BAD ser-112 phosphorylation. To determine whether the increased phosphorylation of ERK1/2-BAD was attributed to ER stress response, we tested effects of IRE1a or PERK knockdown on PAT-induced phosphorylation of ERK1/2 and BAD. As shown in Figure 6b , under the condition that IRE1a or PERK was silenced, PAT-induced ERK1/2 and BAD phosphorylation were abolished. Consistent with the above results, inhibition of p62 by RNAi led to a significant decrease of ERK1/2 and BAD phosphorylation induced by PAT. Taken together, these results suggest that ERK1/2-mediated inactivation of BAD might contribute to p62-mediated cytoprotective ER stress in response to PAT exposure.
Autophagy inhibition by PAT is associated with its inhibitory effect on CTSB and CTSD. It has been shown that PAT has a strong affinity for sulfhydryl groups. 23 Given the importance of thiol groups for the activities of lysosomal enzymes, we then asked whether autophagy inhibition by PAT was attributed to suppression of lysosomal enzymes. The cleaved (active) forms of the two key lysosomal proteases, CTSB and CTSD were analyzed by western blotting. As shown in Figure 7a , treatment with PAT caused a time-dependent decrease of cleavages of CTSB and CTSD. Consistently, enzyme activity assay revealed that CTSB activity was considerably reduced in PAT-treated cells (Figure 7b) . To determine the role of the reduction of lysosomal enzyme activity in autophagy inhibition and UPR activation, we tested effects of CA-074Me, a specific CTSB inhibitor, 24 on LC3-II and p62 accumulation and changes of the key ER stress markers assessed by western blotting. As shown in Figure 7c , treatment with CA-074Me led to a significant increase in LC3-II/p62 accumulation and IRE1a/ eIF2a phosphorylation, suggesting that inhibition of CTSB is sufficient for autophagy inhibition and ER stress response.
Discussion
The skin is a probable toxicological target of PAT. Previous study has shown that PAT has potential skin carcinogenicity. 13 In the current study, we demonstrated that treatment with PAT resulted in autophagy inhibition, which in turn activated p62-mediated pro-survival signaling in human keratinocyte HaCaT cells. Given the important role of autophagy in carcinogenesis, our data suggested that inhibition of autophagy might contribute to PAT-induced skin carcinogenesis. These findings provided a novel mechanistic support for PAT as a potential skin carcinogen.
The implication of p62 in carcinogenesis still remains controversial. Accumulation of p62 functions either as prooncogenic or anti-oncogenic signaling. 25 Our current study showed that PAT induced autophagy inhibition-mediated p62 accumulation and inhibition of p62 by RNAi resulted in an increase of apoptosis, suggesting p62 is a pro-survival signaling, which provided survival advantage of the cells and might resulted in disruption of the balance between cell dying and growing, which was thought to be an early and important event in carcinogenic process. In terms of mechanisms involved in pro-survival function of p62, our data revealed that p62 accumulation caused a cytoprotective ER stress. Moreover, we identified that PAT-induced cytoprotective ER stress was associated with ERK1/2-mediated BAD phosphorylation. Our findings for the first time demonstrated that the pro-survival function of p62 was attributed to the inhibitory phosphorylation of BAD via IRE1a/PERK-mediated ERK1/2 activation. It has been well documented that ROS contributed to the induction of genomic instability and carcinogenesis. 26 Our data showed that an increased ROS generation was detected in response to PAT exposure, which was attributed to p62 accumulation. In line with our current in vitro findings, an enhanced ROS generation and activation of ERK1/2 have been found in vivo in PAT-treated mouse skin. 13 Together, our findings suggest that PAT-induced p62 accumulation might exert pro-oncogenic function through ROS generation and disruption of apoptosis.
It has been shown that autophagy inhibition can induce ER stress. 10, 19 However, the mechanisms underlying autophagy inhibition-induced ER stress have not been well elucidated. In the present study, we found that inhibition of autophagy by PAT resulted in the activation of ER stress responses. Inhibition of p62 by RNAi led to abolishment of ER stress responses induced by PAT. Furthermore, this finding was further verified in a specific autophagy inhibitor BAF-induced autophagy inhibition, suggesting that p62 had a critical role in autophagy inhibition-mediated ER stress. Regarding the mechanism by which p62 activated ER stress responses, our data demonstrated that blockade of ROS by NAC prevented PAT-induced eIF2a and IRE1a phosphorylation, whereas p62 silencing suppressed ROS generation, indicating that ROS is a possible mediator of PAT-induced p62-dependent ER stress. Our findings provided a novel mechanistic support for ER stress induced by autophagy inhibition.
Our previous study showed that autophagy induction by ursolic acid induced ER stress, 27 whereas the current findings demonstrated that inhibition of basal level autophagy triggered activation of UPR. These data indicate that autophagy can bidirectionally regulate ER stress that may depend on the levels of autophagy. Basal level of autophagy functions as suppressor of ER stress, whereas excess of autophagy becomes activator of ER stress. The mechanisms for this paradoxical effect of autophagy on ER stress are being investigated.
The expression of p62 is regulated at both the transcriptional and post-translational levels. 28, 29 Autophagy-dependent mechanism has a critical role in the control of intracellular levels of p62. 30, 31 Our data showed that treatment with PAT caused an increased autophagosome levels, accompanied by p62 accumulation. Under the condition that autophagosome degradation is blocked by its inhibitor BAF, LC3-II levels were not further increased by PAT treatment, suggesting that the inhibition of autophagosome degradation is a reasonable explanation for PAT-induced p62 accumulation. This notion was further confirmed by the evidence that PAT still can increase p62 protein levels when the novel protein synthesis was blocked by CHX. Taken together, our data indicated that inhibition of autophagy was at least one mechanism involved in PAT-induced p62 accumulation.
In summary (Figure 8 ), PAT, a moldy fruit mycotoxin, inhibited basal autophagy and induced p62 accumulation in human keratinocyte HaCaT cells. Accumulation of p62 led to an increased ROS generation and UPR-ERK1/2-mediated BAD inhibitory phosphorylation (disruption of apoptosis). Our findings suggest that PAT might exert oncogenic activity via its ability to suppress autophagy and to induce p62-mediated pro-survival signaling. Figure 8 Signaling pathways underlying PAT-induced p62-mediated pro-survival effects in HaCaT cells. PAT exposure led to a reduction of lysosomal enzyme CTSB and CTSD activity, which in turn caused autophagosome degradation inhibition and p62 accumulation. The accumulation of p62 resulted in ROS generation, followed by cytoprotective ER stress response. The cytoprotective effects of p62-mediated ER stress were associated with ERK1/2-dependent BAD inhibitory phosphorylation
